DFNB (X-linked, autosomal dominant, and autosomal recessive, respectively). In general, autosomal recessive deafness has an early onset and is very severe. Autosomal dominant deafness, by contrast, more often develops slowly over several decades. It is hoped that genes Christian Kubisch,* § Bjö rn C. Schroeder,* § Thomas Friedrich,* Bjö rn Lü tjohann,* Aziz El-Amraoui, † Ion channels play important roles in signal transducand neonatal epilepsy. We have now cloned KCNQ4, tion and in the regulation of the ionic composition of a novel member of this branch. It maps to the DFNA2 intra-and extracellular fluids. Mutations in ion channels locus for a form of nonsyndromic dominant deafness.
the secretion of potassium into the endolymph that cDNA encoding a protein fragment homologous to KCNQ channels was isolated. It was distinct from the bathes the apical surface of the hair cells that convert mechanical stimulation into electrical signals. Indeed, known members KCNQ1 (KvLQT1), KCNQ2, and KCNQ3. We named the novel gene KCNQ4. Overlapping cDNAs both minK and KCNQ1 are coexpressed in the stria vascularis that secretes the endolymph (Sakagami et al., 1991;  containing the entire open reading frame were obtained by rescreening the cDNA library and by extending the Neyroud et al., 1997), and this secretion is defective in mice deleted for the minK gene (Vetter et al., 1996) . 5Ј end in RACE (rapid amplification of cDNA ends) experiments. In this work, we have cloned and characterized KCNQ4, a novel member of the KCNQ family of K ϩ channels.
The cDNA encodes a polypeptide of 695 amino acids with a predicted mass of 77 kDa ( Figure 1A ). Its overall KCNQ4 was mapped to the DFNA2 locus, and a dominant-negative KCNQ4 mutation that causes deafness in amino acid identity to KCNQ1, KCNQ2, and KCNQ3 is 38%, 44%, and 37%, respectively. Together with these a DFNA2 pedigree was identified. In contrast to KCNQ1, KCNQ4 probably does not contribute to endolymph seproteins it forms a distinct branch of the superfamily of voltage-gated K ϩ channels ( Figure 1B ). Like a typical cretion but is directly important for the function of sensory outer hair cells. Further, similar to KCNQ2 that member of this gene family, it has six predicted transmembrane domains and a P loop between transmemforms functional heteromers with KCNQ3 that probably underlie the M current (Wang et al., 1998b) , KCNQ4 brane domains S5 and S6. In K ϩ channels, which are tetramers of identical or homologous subunits, four of also forms heteromeric channels with KCNQ3. This work opens novel perspectives for cochlear physiology and these highly conserved P loops combine to form the ion-selective pore (Doyle et al., 1998) . As other KCNQ for this interesting branch of the K ϩ channel family. channels, KCNQ4 has a long predicted cytoplasmic carboxyl terminus that accounts for about half of the proResults tein. A conserved region present in the carboxyl termini of KCNQ1, -2, and -3 is also present in KCNQ4 (roughly Cloning and Characterization of the KCNQ4 cDNA Using a KCNQ3 K ϩ channel partial cDNA as a probe, a represented by exon 12). Its function is currently unknown. The sequence of KCNQ4 predicts several potential human retina cDNA library was screened and an ‫1ف‬ kb sites for phosphorylation by protein kinase C. In contrast to KCNQ1 and KCNQ2, however, it lacks an aminoterminal consensus site for cAMP-dependent phosphorylation. Phosphorylation of that site enhances currents of heteromeric KCNQ2/KCNQ3 channels (Schroeder et al., 1998). Several splice variants have been described for KCNQ1 through KCNQ3. Most of these occur in the cytoplasmic carboxyl terminus (e.g., Biervert et al., 1998). In the corresponding region of KCNQ4, we found a splice variant that lacked exon 9, leading to an inframe deletion of 54 amino acids (residues 378 to 431). PCR experiments on adult human brain cDNA showed that this was a minority transcript (data not shown). Northern analysis of KCNQ4 expression in human tissues revealed faint bands in heart, brain, and skeletal muscle (data not shown). 
Using hybridization to human chromosomes, KCNQ4
Our mapping shows that KCNQ4 maps to the unambiguous DFNA2 was mapped to 1p34. Several disease loci have been region. mapped to this region, including DFNA2, a locus for dominant progressive hearing loss (Coucke et al., 1994) . labeled ( Figures 3B and 3C ). By contrast, the inner hair Due to the critical role of K ϩ homeostasis in auditory cells appeared negative. The stria vascularis, the site of mechanotransduction, we considered KCNQ4 an excel-KCNQ1 expression (Neyroud et al., 1997), was negative lent candidate gene for DFNA2. The DFNA2 locus has as well ( Figure 3C ). Control hybridization with a KCNQ4 been mapped between markers D1S255 and D1S193 sense probe ( Figure 3D ) revealed that the staining of (Coucke et al., 1994; van Camp et al., 1997). We therefore outer hair cells was specific. refined the localization of KCNQ4 in comparison to published physical and genetic maps using a YAC (yeast A KCNQ4 Pore Mutation in a Pedigree artificial chromosome) contig of this region (Figure 2) .
with Autosomal Dominant Deafness KCNQ4 was present on CEPH YAC clone 914c3, a result These results indicated that KCNQ4 was an excellent that places this gene within the DFNA2 region.
candidate gene for autosomal dominant deafness. We screened 45 families with autosomal dominant deafness without previous linkage analysis. In most of these famiExpression of KCNQ Genes in the Inner Ear The expression of KCNQ4, as well as other KCNQ genes, lies, the hearing loss had been diagnosed before adulthood, that is, before the age of onset reported for most was studied by semiquantitative RT-PCR on mouse cochlear RNA. These results were compared with those of the DFNA forms, including DFNA2. Mutation screening was limited to exons 4 to 7, which encode the pore obtained with vestibular and brain RNA ( Figure 3A) . KCNQ1, KCNQ3, and KCNQ4 messages can be deregion and adjacent transmembrane domains. A KCNQ4 mutation was found in a French family with profound tected in the cochlea, and additional PCR cycles revealed a weak KCNQ2 expression as well. At this high hearing loss. Its clinical features (given in detail in Experimental Procedures) include progressive hearing loss that amplification, KCNQ1 was also detected in brain (data not shown). KCNQ1 and KCNQ4 appear to have the is more prominent with higher frequencies, tinnitus in one patient, and no indication for vestibular defects nor highest cochlear expression. KCNQ1 expression is higher in the cochlea than in brain (which was negative by gross morphological changes in the inner ear. A missense mutation (G285S) was present in exon 6 in a heterozyNorthern analysis [Wang et al., 1996] ). The reverse is true for KCNQ2 and KCNQ3, both of which are broadly gous state ( Figure 4A ). It segregated with all affected members in the pedigree ( Figure 4C ). This mutation was expressed in brain (Schroeder et al., 1998). KCNQ4 expression is significant in both of these tissues. not found on 150 control Caucasian chromosomes. The G285S mutation affects the first glycine in the In situ hybridizations were performed on cochlea sections from mice at postnatal day P12 with a KCNQ4 GYG signature sequence of K ϩ channel pores ( Figure  4B ). This glycine is highly conserved across different antisense probe. Sensory outer hair cells were strongly , 1998) . This is strong evidence that the progressive hearing loss in this constant in the order of 600 ms at ϩ40 mV (KCNQ2/ KCNQ3 channels have a corresponding time constant family is due to the KCNQ4 G285S mutation. mV for 10 s or more, an apparent slow inactivation was observed (data not shown) that resembled the one described for KCNQ3 (Yang et al., 1998). Currents began to activate at about Ϫ40 mV, with half-maximal activation at Ϫ10 mV ( Figure 5C ). The channel is selective for K ϩ ( Figure 5D ). It has a K ϩ ≈Rb ϩ ϾCs ϩ ϾNa ϩ permeability sequence. KCNQ4 currents were inhibited by more than 80% by 5 mM Ba 2ϩ (data not shown). We next examined the effect of the G285S mutation found in the affected family ( Figures 5E and 5F ). The mutant channel did not yield any detectable currents when expressed in Xenopus oocytes. KCNQ4 G285S was then injected at a 1:1 ratio with WT KCNQ4 to mimic the situation in a heterozygous DFNA2 patient. This reduced currents by about 90%, indicating a strong dominantnegative effect of the mutant. The channels present in coinjected oocytes still showed a strong preference of potassium over sodium or calcium (data not shown). This implies that the deafness is due to a quantitative loss of KCNQ4 K ϩ currents rather than to an influx of Na ϩ or Ca 2ϩ . KCNQ1 assembles with minK (IsK) to form channels that yield larger currents and activate much slower (Barhanin et al., 1996; Sanguinetti et al., 1996). We tested by coexpression whether minK affects KCNQ4 as well. At concentrations (1 ng minK cRNA per oocyte) leading to marked changes in KCNQ1 currents in parallel experiments, there was no significant change in KCNQ4 currents (data not shown).
Different KCNQ subunits can form heteromeric channels. Coexpression of KCNQ2 with KCNQ3, but not with 
Discussion
In this work, we have identified the gene for DFNA2, a locus involved in autosomal dominant deafness. It encodes KCNQ4, a novel potassium channel. It is expressed in several tissues, including the cochlea, where it is present in outer hair cells. The mutant channel identified in a DFNA2 family exerts a dominant-negative effect on WT KCNQ4. Interestingly, the pathomechanism leading to deafness is different with mutations in KCNQ4 or KCNQ1. The KCNQ channels described so far function physiologically as heteromers. KCNQ1 associates with minK, and KCNQ2 and KCNQ3 form heteromeric channels that resembling M currents ( Figure 6F ). Linopirdine, a potent may underlie the M current (Wang et al., 1998b), an and rather specific inhibitor for M currents, nearly comimportant determinant of neuronal excitability that is pletely inhibits KCNQ2/KCNQ3 channels at a concentraregulated by several neurotransmitters (Marrion, 1997). tion of 200 M (Wang et al., 1998b) 
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1998b). Coexpression of KCNQ3
Within a few days, the hair cells degenerate. Similar morphological features were described in patients with with KCNQ4 markedly increased current amplitudes, but this increase was less than the 10-fold stimulation ob-JLN syndrome (Friedmann et al., 1966) . Thus, there is very strong evidence that the profound, early deafness in served with KCNQ2/KCNQ3 coexpression (Schroeder et al., 1998; Wang et al., 1998b; Yang et al., 1998). Sigthat disease is due to a defect in endolymph production. The fact that the short circuit current across the stria nificantly, heteromeric KCNQ3/KCNQ4 currents activated faster and at more negative voltages than KCNQ4 vascularis is nearly abolished in minK knockout mice argues against the hypothesis that KCNQ4 may be an and displayed a different drug sensitivity. Further, a dominant-negative KCNQ3 mutant strongly suppressed important parallel pathway for endolymph secretion in this epithelium. Further, we could not detect functional KCNQ4 currents. Since KCNQ3 is also expressed in the cochlea (Figure 3A) , the formation of KCNQ3/KCNQ4 interactions of KCNQ4 with KCNQ1 or minK. This excludes the formation of a common channel involved in channels in outer hair cells is a distinct possibility that needs to be confirmed by localizing KCNQ3 to these endolymph secretion. Finally, in contrast to KCNQ1 and minK, KCNQ4 is not expressed in the stria vascularis, cells. The formation of cochlear KCNQ3/KCNQ4 channels would not contradict the involvements of KCNQ3 but in outer hair cells. What might be the function of KCNQ4 in outer hair in epilepsy and of KCNQ4 in deafness. All mutations identified so far in BFNC lack a dominant-negative effect cells? At this point, we can only speculate. It seems unlikely that it is involved in the primary signal transduc- (Schroeder et al., 1998) . Therefore, they are not expected to reduce currents of the cochlear heteromer to the tion at the apical membrane, as the strongly negative voltage across this membrane prevents it from being levels found with the present KCNQ4 mutation. On the other hand, KCNQ4 expression in brain may be low.
open (by contrast, the voltage across the apical membrane of marginal cells of the stria vascularis is in the Thus, it may lack a significant effect on the KCNQ2/ KCNQ3 channels that are affected in BFNC.
Ϫ10 mV range, allowing K ϩ secretion via apical KCNQ1/ minK channels). KCNQ4 will more likely contribute to KCNQ2/KCNQ3 heteromeric channels were recently shown to have properties of the physiologically importhe basolateral K ϩ conductance that is important both tant M current (Wang et al., 1998b) . We have shown for the modulation of electrical excitation and for the here that KCNQ3/KCNQ4 heteromers also share some removal of intracellular K ϩ taken up apically from the characteristics with M channels. It will be interesting to endolymph. Currents that activate slowly with depolarsee whether these heteromers mediate variants of M ization have been described in outer hair cells (Housley currents in certain regions of the nervous system. 
